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ABSTRACT 
Exposure to nanoparticles coming from road–traffic concerns a large part of urban population in both outdoor and
indoorenvironmentsleadingtotheenhancementofshortandlong–termhealthproblems.Thedynamicsofsuchsmall
particlesisverysensitivetotheturbulentdiffusionandBrownianmotion.Hencetheirconcentrationsaredependenton
the flow structureproperties (lengthand time scales). In thispaper,awind tunnel study is conducted toassess the
effectoftheflowonthedispersionofnanoparticlescomingoutfromtailpipeinthenear–wakeofareduced–scaletruck
model.Particlenumberconcentration(PNC)measurementsareachievedat66positionsdownstreamofthemodel.Our
resultspointoutthatthe interactionoftheultrafineparticles(UFP)withthevorticesappearing inthenear–wakeofa
truckenhancestheirdispersioninbothtransversalandverticaldirections.Increasingtheinflowairvelocitystrengthens
this spreading. Overall, we demonstrate that such wind tunnel measurements are fundamental to improve our
knowledge on the existing interaction between road–traffic, turbulence and particle concentration to accurately
evaluatehumanexposureratestoultrafineparticlesandtheirpotentialconsequences.
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1.Introduction

Particles involved in air pollution are amixture of ultrafine,
fine and coarse particles. They mainly consist of combustive
byproductsaswellasbiologicalmaterials. Inurbanareas,engine
combustionemissionsassociatedwith the road trafficareoneof
themajor sourcesof fineandultrafineparticlesnumber concenͲ
trations (PNC) inwhichultrafineparticles (UFP)are thedominant
contributor. They roughly account for 90% ormore of the total
particlenumberinareasinfluencedbyon–roadvehiclesemissions
(Morawskaetal.,2008).Indeed,recentstudieshavereportedhigh
concentrations of ultrafine particles (diameter below 100nm) in
the vicinity of roadways (Zhu et al., 2002; Kittelson et al., 2004;
Hudda et al., 2012).As a consequence, adjacent indoor environͲ
mentsinurbanareas,suchasbuildingsoroffices,mayexperience
significant concentrations of outdoor ultrafine particles due to
theirinfiltration,exposingoccupantstopotentiallytoxicpollutants
(Zhu et al., 2005). Several health effects are associated with
nanoparticles exposure. Indeed,many toxicological and epidemiͲ
ological studies have associated the exposure to UFP to the
enhancementofallergy, inflammationandasthma (Diaz–Sanchez
etal.,2003)andcardiacdisease(Verrieretal.,2002;Delfinoetal.,
2005). It is relevant to note that UFP can penetrate into cell
membranes,bloodandreachthebrain(Oberdorsteretal.,2004).
Pope et al. (2002) concluded frommortality data over 500000
individuals that for every increase of 10μg/m3 in fine particles
(particles with a diameter below 2.5μm), the risk of all–cause,
cardiopulmonary and lung cancermortality increased by 4%, 6%
and8%,respectively.
Dealing with the infiltration, several studies have reported
that penetration of particles from outdoor origin into indoor
environments is significant and depends on exchange rates,
dimensions of building cracks and on physico–chemical characͲ
teristicsofparticles.Throughcracks,LiuandNazaroff (2003)and
Jeng et al. (2007) showed that particle penetration is almost
complete forparticleswithdiametersbelow7μmwith cracksof
1mmorhigher,andforparticlesrangingfrom0.1–1μmforcracks
size below 0.25mm. For the other cases, particle deposition
dependsoncracksroughnessandshapes.Furthermore,theresults
confirm that particle infiltration in the buildings is a complex
problem. Itdoesnotonlydependoncrackpropertiesbutalsoon
particle characteristics. These same characteristics also influence
their dispersion until they reach the building envelope cracks.
Indeed, because of their small size and low Stokes number, the
dynamicsofthesenanoparticlesisnotonlyinfluencedbyturbulent
dispersionandBrowniandiffusionbutalsoby thermophoresisor
electrophoresis when external fields are present (temperature
gradientsorelectricpotentialdifference, respectively).Theeffect
ofthesedifferentmechanismsdependsontheparticlesize(Mehel
etal.,2012).Todate,littleisknownabouttheinteractionbetween
nanoparticlesexhausting fromtailpipesandvehiclewakesandon
the way on how it could influence their spatial and temporal
evolutions and thus their movements towards the surrounding
environment. Among the few studies available on this topic,
Carpentieri and Kumar (2011) used an on–board gridmeasureͲ
mentsmountedat the rearofavehicle in thenear–wake region
with a total of 9 sensors located at different heights and transͲ
versalpositionsandatdistancesof0.45mand0.8mfromtherear
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bumper.Theirmeasurementsgavean ideaonparticledispersion
butare limitedsincethe investigatedareaonlyconcernsaregion
locatedatashortdistance from thevehicle. In the last10years,
somestudieswereconducted inwindtunnels(Kandaetal.,2006;
Carpentieri et al., 2012). Thenear–wake regionwas investigated
andmoreaccuratedatahavebeen recorded leadingto improved
results. Itwasclearlyshown that thevehiclewake influences the
dispersionofthepollutants.Nevertheless,onlygaseouspollutants
wereconcernedwhichdonotnecessarilyreflecttheUFPdynamics
becausesootnanoparticlesundergofasttransformationprocesses
after being released from the tailpipe (Carpentieri and Kumar,
2011)whilethepassivetracergas isonlyaffectedbydilution.Itis
worthwhile tonote thatsootparticlesareprimarilycomposedof
carbon and their size changes during the dilution process by
condensation of gaseous molecules on particle surfaces. As a
consequence the particle size is rapidly changing due to these
depositionanddecompositionmechanisms, thus influencing their
movement. Indeed theBrownianmotion, the turbulent diffusion
ortheturbophoresisdependontherelativeinertiaoftheparticles
intherangeof10nm–5μm(Meheletal.,2010).

Inthepresentpaper,windtunnelexperimentsareconducted
to study the dynamics of carbonaceous UFP downstream of a
reduced–scale truckmodel. PNCmeasurements are achieved to
bringnewunderstanding regardingUFP interactionwith the flow
structure in the near–wake region of a vehicle and its conseͲ
quenceson theirdispersion.The results lead toamore compreͲ
hensive and accurate picture on UFP distribution/accumulation
downstream of a vehicle. Potential applications of such investiͲ
gations include,butarenot limitedto,correlationbetweenouter
and in–cabin concentrations. After this introduction, the experiͲ
mentalmethodandtheinstrumentationaredescribedinSection2
followed by the presentation of the results. The discussion is
developed in Section 3. Finally some conclusions and possible
futureworksaresuggestedinSection4.

2.ExperimentalMethodandInstrumentation

ThePNCmeasurementswereconducted in theexperimental
facilityatESTACAParis.Thewindtunnelhasatestsectionwhichis
800mm in length, 600mm in width and 600mm in height. An
unfiltered air at approximately 300K and 45 to 70% of relative
humidity was used with an inflow velocity ranging from 0 to
25m/s. Two inflow air velocities are investigated in the present
study (Umf=14.25m/s and 23.75m/s). The incoming flow is
supposedtoundisturbedwitha low levelofturbulence(lessthan
1%).We aim at investigating thedispersionof exhaustedUFP in
urban areas downstream of a reduced–scale truck model. The
experimentalconditionscorrespondtorealtruckprototypespeeds
ofUpf=8.33m/s (30km/h) andUpf=13.88m/s (50km/h) respecͲ
tively, also corresponding to two typical urban speeds. The
associatedReynoldsnumber,basedonthetruckprototypeheight
hp and kinematic viscosity of air (Rep=Upf hp/Q), is larger than
9.56x106,while theReynoldsnumberof the reduced–scale truck
model is largerthan6.2x106.This issignificantlyabovethecritical
value of 104 from which the boundary layer at the rear of the
vehiclebecomesturbulent.Abovethislimit,littlesensitivitytothe
ReynoldsnumberisexpectedaccordingtoHucho(1998).Thus,we
acknowledgethatthedynamicsimilarityisensuredforbothspeeds.

ThekinematicscalefactordefinedasUmf/Upfissetto1.71to
enhancethesignaltonoiseratiointermsofPNC.Thesamefactor
must be applied to the exhaust gas/particles velocity given the
enginespeedof2500rpm.Thisimpliesanexhaustvelocityatthe
truckprototypetailpipe(forafourstrokecycleengine)writtenas:

ܷ௣௝ ൌ ௖ܸ௬௟͵ͲͲͲͲ
ߗ
ߨܦ௣௝ଶ
ߟ (1)

whereVcylisthecylindersweptvolumeinL,:istheenginespeed
in rpm,Dpj is the prototype tailpipe diameter inm andK is the
volumetricefficiency.

The studied vehiclemodel represents the common rearpart
oftruckswithasizereducedbyascalefactorof1/20comparedto
therealprototypesize(Figure1).Theemissionpointrepresenting
themodelexhaustpipeislocatedatthebottomleftquarterofthe
modelasonmostofvehicles.

The coordinate system is sketched on Figure 1. The x axis
corresponds to the main flow stream, the y axis being the
transversaldirectionand z theverticalaxis,positiveupward.The
origin (0, 0, 0) is located at the rear of the vehiclemodelwith
x=0m,y=0matthecenterline,andz=0matgroundlevel.Fordata
analysis,dimensionlessdistances(X,Y,Z)areusedwhicharegiven
byX=x/h,Y=y/h,andZ=z/h,whereh=0.065misthemodelheight.
In this non–dimensional coordinate system, the injection point
representingthetailpipeislocatedat(0,–0.25,0.25).

ThegenerationoftheUFP isensured throughtheuseofthe
PALASDNP2000sparkdischargeaerosolgeneratorusinggraphite
electrodes and Nitrogen. The generated carbonaceous particle
sizesrangefrom20nmto100nm.Theyarefoundtobeanalogous
to combustion aerosols in structure, particularly to diesel soot
(Evansetal.,2003).Theaerosolisinjectedinthemodeltailpipeat
a flow rate of Q=0.133L/s. An Electrical Low Pressure Impactor
(ELPI) is used for particle number concentrationmeasurements.
The sampling grid is composed of a total of 66 points in the
longitudinal,transversalandverticaldirectionsatpositionsranging
between0.5<X<5,–1<Y<1and0.25<Z<0.75.Foreachposition,data
acquisition lasts about 120s. This was necessary to ensure the
accuracy of the time–averaged particle concentrations. FurtherͲ
more, this is supposed tobe largeenoughcompared to the time
scalesoftheflow.

Forallmeasurements,wealsoconsideraconstantair speed
(steady conditions) and no heat flux from engines. It should be
noticedthateveniftheaerosolisnotheated,theparticlesareless
sensitive to the buoyancy than if a gaseous passive tracerwere
used.

3.ResultsandDiscussion

First,thedistributionofthetime–averagedparticlesize(PSD)
measured near the emission point (X=0.5, Y=0, Z=0.25) is preͲ
sentedinFigure2.Itshowsthatmostoftheparticlesconcernedby
PNCmeasurementshaveasizebelow150nmwithprevalencefor
particleswithameangeometricdiameterofabout40nm.This is
associatedwithaPNCof roughly107particles/cm3.These results
are consistent with those obtained from experimental investiͲ
gationsbyUhrneretal.(2007)withon–boardmeasurementsfora
dieselengineandatthesameenginespeed,i.e.2500rpm.

ItisworthwhiletonotethatthisPSDisaveragedoveraperiod
of 120s representing the duration of a singlemeasurement as
described above. It can be observed that even if the distance
between theemissionand thesamplingpoints isquite shortand
since the PNC levels of the generated nanoparticles are greater
than 106particles/cm3, it is large enough to observe that the
emittednanoparticlesundergofasttransformationasreportedby
CarpentieriandKumar (2011). Inparticular, they agglomerate to
form relatively larger particles. This explains why the PNC of
particles with size greater than 100nm is not equal to the
atmospheric level (about 103particles/cm3) but reaches nearly
0.8x105particles/cm3 and 2.2x105particles/cm3 for particleswith
mean geometric diameters of 137nm and 215nm, respectively.
Ontheotherhand,fromtheexperimentalresultsweonlynoticea
slight change of themean PSDwith the transversal, longitudinal
andverticalsamplingpositionseven ifthemaximum levelsofthe
concentrationsdecreasewith the increaseof thedistance to the
emissionpoint.This tends toprove thatparticles rapidlyagglomͲ
erateclosetotheexhaustpipe.
Mehel and Murzyn – Atmospheric Pollution Research (APR) 614

 

Figure1.SchematicoftheexperimentalsetupandthewindtunnelfloorwiththelocationsofthePNCmeasurement
points.


Figure2.Particlesizedistributionofthenanoparticlesat(X, Y, Z)=(0.5, 0, 0.25).

Inthefollowingpart,theconcentrationsresultsarepresented
in terms of time–averaged PNC normalized by the maximum
concentrationobtained respectively foreachwind–tunnelairflow
velocitystudied.

Figure3aand3bshowacomparisonofthehorizontalprofiles
of nanoparticles dispersion for two typical urban speeds, i.e.
30km/h and 50km/h in thenearwake region atX=0.5.We can
notice that thepeakof concentration corresponds to thevehicle
centerlineandnot theemissionplanecenterlineas inCarpentieri
etal.(2012),butasconfirmedbythis latterstudy,theresultsare
verysensitivetotheprobe/emissionpointpositioning.Thismakes
itdifficultthecomparisonbetweendifferentstudiessincealsothe
vehicleshapehasitsowninfluence.Indeed,thevehiclenearwake
dN
/d
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gd
p
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m
3 )
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iscomposedoftwodistinctregions:thefirstoneveryclosetothe
vehicle(X<0.5), inthecenterline,whereit isdominatedbyalarge
recirculation vortice; the secondone,at the vehicle lateralouter
edgeswherelongitudinalvorticesdevelop(Hucho,1998).Thesize
of these two regionsdependson the vehicle shapeand velocity.
This induces an emission point that could be found in both the
recirculation vortices or in the outer longitudinal ones. When
comparing Figure 3a and 3b corresponding to the transversal
concentrationprofiles(normalizedbythemaximumconcentration)
at X=0.5 and for two vertical positions Z=0.25 and 0.75 respecͲ
tively,wecanseethataparticleconcentrationpeak ispresentat
thevehiclecenterandforbothdimensionlessheights.Thismeans
thatwhen particles are emitted they are sucked by the central
recirculation region that diffuses them in the vertical direction.
Farther from the vehicle but still in the near wake region (for
2<X<5),Figure3cand3d,showthattheconcentrationprofilesare
flatterdepictingaparticledispersionthat isachievedmore inthe
horizontaldirection than in theverticaloneas itwas thecaseat
X=0.5. In this region, the longitudinal vortices that developed at
the outer edges of the vehicle are the only coherent structures.
Thus,theyarethemainmeansfornanoparticlestobetrappedand
mixed.

On theotherhand, the increase in thevehiclespeedexpand
theparticledispersioninthetransversaldirectionintheverynear
wake region (X<0.5) and in the lateral outer edgeswake region
(1<X<5).Thisistheresultofanincreasingvorticity.

Furthermore, from Figure 3a, a transversal dissymmetry is
depictedaroundY=0forthehigherspeed.Indeed,intheverynear
wake region corresponding to 0.5<X<2, the concentrationprofile
forthevehiclespeedof30km/h iscenteredandthattheparticle
dispersion ismostly achieved in the verticaldirection (Figure 3a)
whereasat50km/h it isseenthattheexhaustplume isstretched
on the left side (exhaust pipe location). As a consequence, the
particles dispersion is achieved horizontally and vertically.When
comparing theprofiles atUpf=30 and 50km/h,we can conclude
thatthebiastowardnegativeYprevailsthroughtheplumeheight.
AtX=5,Z=0.25,wecannoticethepresenceofadoublepeakthatis
moreintenseforUpf=50km/h,(Figure3c)thiscouldbecorrelated
to the flow modification. It is believed that the intensity and
dimensionof thepairof the longitudinalvorticeshave increased.
As a general trend for Figure 3, it can be observed that the
measuredplumeisfarfromtheclassicalGaussianform,especially
inthenearwakeregion,foravehiclespeedhigherthan50km/h.
Nevertheless,thisassumption isoftentaken intoaccounttobuild
mathematical models. This finding has also been reported by
Kandaetal.(2006)andCarpentierietal.(2012).Thenanoparticles
beingvery sensitive to the turbulent structures, theirmixingand
dispersion are a more complex phenomenon than a simple
Gaussian diffusion. However, for the transversal dispersion
describedbyCarpentierietal.(2012),thegaseouspollutantsseem
tobedriven to thecenterlineas in thepresent studyusing solid
nanoparticles.ThisisnotsimilartothestudyofKandaetal.(2006)
wheretheconcentrationpeak is in linewiththetransversalplane
oftheexhaustpipeforthetruckmodel.

Figure 4 clearly highlights the influence of the vortices in
particledispersion. Figure4a shows the concentrationprofiles in
thevehiclecenterlineplane(Y=0)andataheightofZ=0.25,itcan
benoticed that the concentration is thehighest in theverynear
wake region corresponding to0.5<X<2anddecreases sharply for
X>2.Thesame trend isobservedatbothspeeds30km/hand50
km/h.When looking at the same profiles in the plane Y=–0.3 at
Z=0.25(Figure4b),wecannoticethattheconcentrationis5times
lowerthantheoneinthecenterlineatX=0.5and3timesatX=1for
Upf=30 km/h,while thedecrease is relativelyweaker forUpf=50
km/h at the same longitudinal position (X=0.5, 1). This latter
confirms the trend observed in Figures 3, i.e., increasing airflow
velocityinducesaflowmodificationreinforcingthevorticeswhich
aresupposedtotransporttheparticleshorizontally inadditionto
theverticaldirectionintherecirculationzone.LookingatFigure4c,
thelongitudinalprofileintheY=–0.5planeshowsthattheconcenͲ
trations aremore important farther behind the vehicle for X>2
thanintheverynearwakeregion.Inthisarea,theconcentrations
arealsohigher at Y=–0.3 and –0.5 than atY=0, this is especially
more important than the air velocity is higher (Figure 4c–4d).
Again, thisobservationunderlines the importanceof thevortices
thatcouldplayamajorroleinthevehiclecenterlineinthevicinity
of the vehicle, or farther behind the vehicle at the outer edges
planes.

Figure3.Comparisonofthehorizontalprofilesofdimensionlessconcentrationattwodifferentvehiclespeeds,30km/hand50km/h,at
X=0.5(a),(b) andX=5(c),(d).
(a) (b)
(c) (d)
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
We also plot the time–averaged PNC results in terms of 2D
contourplotsattheX=5verticalcross–sectiondownstreamofthe
vehicle. Considering Figure 5, scales are different. Each scale
corresponds to the one obtained for the studied vehicle speed.
Regardless of the changing in inflow velocity which induces a
dilution,we aim to compare the local dispersion spreading. The
effect of the vehicle speed on nanoparticles in the near wake
region(for2<X<5)isshownintheplaneY–ZatX=5inFigure5.The
pair of longitudinal vortices is clearly highlighted by the nanoͲ
particleswhichplayaroleofpassivetracerinthiscase.Ourresults
also show that thedissymmetryofparticle concentrations is still
present.Nevertheless,wepointoutthatitisshiftedtothesideof
theemissionpointinasamemanneraswefoundintheverynear
wakeregion.Theconcentrationofnanoparticleswhicharetrapped
by the left longitudinal vortex ismuchmore important than the
right one. On the other hand, even at this distance from the
vehicle,thediffusionisnotGaussian.

Figure4.Comparisonofthelongitudinalprofilesofdimensionlessconcentrationattwodifferentvehiclespeeds,30km/hand50km/hand
atdifferentYplanes.



Figure5.ComparisonofthePNCcontourplots(1/cm3)intheYͲZplaneatX=5attwodifferent
vehiclespeeds,(a) 30km/h and(b) 50km/h.
(a) (b)
(c) (d)
EmissionPoint
Up=50km/h
Up=30km/h
EmissionPoint
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
All these experimental results allowed us to identify some
typical behaviors. Depending on the vehicle speed, the emitted
nanoparticlesaresupposedtobefirsttrappedbyverticalvortices
developing in the recirculation region.At this stage they seem to
bekeptcenteredaroundY=0whiletheirconcentrationisstretched
in the vertical direction. This trend develops from X=0 to X=2.
Downstreamof thisposition, thepairof the longitudinalvortices
comingfromtheouteredgesbecomesthepredominantturbulent
structures(Hucho,1998)whichresults intheenhancementofthe
dispersioninthehorizontaldirection.

4.Conclusions

In thepresent study,weaimedatstudying thedispersionof
nanoparticles in the wake of a vehiclemodel. Different experiͲ
mentswere conducted in awind tunnel forwell–defined inflow
conditionsandscalesaccordingtosomesimilitudelaws.Itiswell–
known that the nearwake region is dominated by the coherent
structuresofdifferenttypesandthatnanoparticlesareverysensiͲ
tivetotheinteractionswithturbulence,whichinturndependson
theshapeofthewakeandontheflowdynamics.Basedonthese
parameters, injecting andmeasuringultrafineparticle concentraͲ
tions inthewakeofavehiclemodel inawindtunnel leadustoa
morecomprehensivepictureof the regionsofUFPaccumulation.
Wepointedout that thedynamicof theplumemaybe strongly
affected by the vehicle speed. Furthermore, depending on the
positionof the exhaustpipe,whichmustbe clearlydefined,but
alsoonthevehiclespeedandonthedistancefromtherearofthe
vehicle,we showed that the recirculation region aswell as the
longitudinal vortices could play an important role. They are
supposed to enhance the dispersion of the exhausted nanoͲ
particlesinbothverticalandhorizontaldirections.

Nevertheless, the goalof this studywas todemonstrate the
feasibility of studying pollutant dispersion in wind–tunnel using
realcarbonaceousnanoparticlesthatcouldevolveintermsofsize
and concentration. This was successfully achieved. Indeed, the
nanoparticlesseemtoaccumulateinpreferentialzonesandactas
passive tracer thathighlights thevorticeswhicharegenerated in
the vehicle near wake region. However, this study will be
completed by characterizing the air flow at the same time to
correlatetheseresultswiththemeanandturbulentvelocityfields
developing downstream of the car. To achieve that goal, non–
intrusiveLDVmeasurementswouldbeanasset.Itisexpectedthat
such investigationswould lead to an accurate description of the
time and length scales characterizing the turbulent flow so the
underline the importance of the vortices intensity and size in
nanoparticlesdispersion.

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